We demonstrate the emission characteristics, including polarization property and temperature effect, of lasing from all organic mirrorless quasicrystal fabricated by sevenbeam interference. The output lasing is linearly polarized with polarization direction confined within the 2-D plate that aperiodic quasicrystal formed. With an increase of temperature, lasing peaks blue-shift that is related to the change of refractive index of liquid crystal, as well as phase transition from liquid crystal phase to isotropic phase. The transmission spectrum of quasicrystal that is calculated by finite-difference time-domain (FDTD) simulation blue shifts with the increased temperature, which can be used to explain the underlying mechanism of the blue-shift of lasing peaks.
Introduction
Organic microcavity laser based on liquid crystals (LCs) has attracted significant attention over the past decades due to its excellent tunability properties as a kind of mirrorless lasers [1] . Most LC lasers reported are generated due to the existence of a photonic bandgap for visible light in 1-D, 2-D, and 3-D periodic dielectric nanostructures, where the gain factor is significantly enhanced at the band-edge [2] . LC lasers have been realized in various liquid crystal materials, such as cholesteric liquid crystal [3] , ferroelectric liquid crystals [4] , smectic liquid crystal [5] , blue phase liquid crystal [6] , and polymer dispersed liquid crystals [7] , [8] .
Recently, studies on lasing from liquid crystal have been extended to 2-D quasicrystal with aperiodic structure. Similar to photonic crystals, the optical bandgap exists in the photonic quasicrystals will lead to light enhancement [9] . Li et al reported multimode lasing from the microcavity of an octagonal quasicrystal [10] . In our previous study, we have investigated the lasing from Penrose quasicrystal with excellent linear polarization and low threshold [11] . In this paper, we demonstrate the emission characteristics including polarization property and temperature effect of lasing from all organic mirrorless quasicrystal fabricated by seven-beam interference. The output lasing is linearly polarized with polarization direction confined within the 2-D plate that aperiodic quasicrystal formed. With increase of temperature, lasing peaks blue-shift that could be understood by change of effective index of liquid crystal with temperature and phase transition of liquid crystal to isotropic phase. The transmission spectra of quasicrystal are also studied by finite-difference time-domain (FDTD) simulation, which can be used to explain the underlying mechanism of the blue-shift of lasing peaks.
Experimental Details
In our experiment, the liquid crystal (LC)/prepolymer mixture consisted of 65 wt% monomer, trimethylolpropane triacrylate (TMPTA), 8 wt% cross-linking monomer, N-vinylpyrrollidone (NVP), 0.8 wt% photoinitiator, Rose Bengal (RB), 1 wt% coinitiator, and 1.2 wt% lasing dye, 4-dicyanomethylene-2-methyl-6-p-dimethylaminostyryl-4H-pyran (DCM), all from Sigma-Aldrich, and 24 wt% liquid crystal and E7 (n o = 1.5216 and n e = 1.7462) from Merck. The mixture was filled into a cell that consisted of two pieces of indium tin oxide (ITO) glass. The quasicrystal nanostructure was produced through 7-beam interference technology through specially designed prism that is fabricated by fused silica with refractive index of 1.46. The side-bottom plane angle of the prism is set to = 60°, and the bottom plane of the prism is an equilateral heptagon (or enneagon) with an equal side and an equal internal angle. A collimated and linearly polarized Ar + laser (Coherent, I-306C) beam with wavelength of 488 nm was impinged on the prism (along z axis) and split into seven beams with wave vectors of k n (n = 1 ∼ 7), as shown in Fig. 1 (a) and 1(b). The wave vectors can be described as
where n is an integer from 1 to 7, k = 2πn eff /λ is the unit wave vector, λ is the laser wavelength in air, n eff is the effective index of recording material, and θ represents the angle between the beam and vertical z axis. Here, we have θ 1 ∼ θ 7 = θ = 23.6
• , λ = 514.5 nm, and n eff = 1.524. The interference pattern produced at the bottom surface of the prism was recorded by the LC cell with LC/prepolymer mixture due to the polymerization induced phase separation. The intensity distribution of the interference pattern can be given by
where l and m are integers from 1 to 7, E is the electric field, r = (x, y, z) is the position vector, and [ . . . ] denotes the real part of the argument. The exposure intensity of each beam was ∼9 mW/cm 2 and the exposure time was 180 s. For the lasing generation, a Q-switched frequencydoubled Nd:yttrium-aluminum-garnet (Nd:YAG) pulsed laser (Quantel, Q-smart 450) was focused by a cylinder lens and incident on the surface of the sample in a shape of narrow line, as shown in Fig. 1(c) . The wavelength, pulse duration and repletion of pump laser were 532 nm, 10 ns, and 10 Hz, respectively. A beam splitter and photodetector were used to monitor the power of pump laser. The laser emission was collected by a spectrometer with resolution of 0.05 nm (USB2000+, Ocean optics).
Results and Discussion
The simulated binary aperiodic quasicrystal formed by 7-beam interference is demonstrated in Fig. 2 . The purple and yellow colors represent high and low intensities, corresponding to polymerrich and LC-rich regions respectively when it was recorded in the polymer dispersed liquid crystals (PDLCs). The pump line is represented by OO'. During the polymerization process, phase separation occurs, and the monomers start to photo-polymerize in high intensity regions while LCs diffuse into low intensity region. The polarizations of output lasing are defined as TE mode (0°) and TM mode (90°), respectively. In our experiment, a polarizer is applied before the spectrometer to study the polarization of lasing. The pump energy is 0.048 mJ/pulse in our experiment. Fig. 3(a) plots the spectra of output lasing at different polarization corresponding to TE mode and TM mode. It can be seen that the lasing is generated in TE mode only (along y axis, 0°) but does not show in TM mode (along z axis, 90°). In addition, the polarization of output lasing was measured while rotating the pump line in x-y plane (cross the center of quasicrystal). The experimental results shown that the polarization direction of output lasing was kept within x-y plane and leads to a linearly polarization. In holography PDLC, the liquid crystal in polymer exists in form of LC droplets as bipolar configuration [12] . The bipolar configuration possesses a director, where the effective index parallel and perpendicular to the director of LC droplet is ne and no respectively. We can assume the director of liquid crystal (LC) droplets in polymer network might randomly distribute in the x-y plane. The refractive index component of LC droplet along the z axis is ordinary index no (is close to np of polymer) while the refractive index component of LC droplet within the x-y plane is extraordinary index ne (is different from np) with randomly directors. Therefore, for TM mode, the light will experience very small or even no index difference (n o and n p ) and results to no lasing. In contrary, for TE mode, the light will experience the quasicrystal structure with index variation between ne and np and leads to lasing generation. Fig. 3(b) plots the normalized intensity of output lasing at wavelength of 629.2 nm measured at different polarization angles from 0o to 1800. The measured data are presented by black dots that varied in sine curve and fitted well by a sine curve in red. R 2 stands for goodness of fit, which describes the discrepancy of observed values and expected values. The closer of R 2 to 1, the better of fitting degree of regression line and the observed values will be obtained.
In our experiment, we also examined the temperature effect on lasing from quasicrystal based on 7-beam interference, along specific direction OO' at pump energy of 1 mJ/pulse. A hot stage (HCS402, Instec) was used to control the sample's temperature. Fig. 4 presents the evolution of lasing spectrum with six different temperatures for quasicrystal fabricated by 7-beam interference. It can be seen that, with temperature increased from 25°C to 75°C, there is a significant blue-shift of the lasing peak from 629.2 nm to 624.7 nm. At the same time, the center of photoluminescence of laser dye slightly red-shifts from 623 nm to 632 nm. In range from 25°C to 55°C, the obtained lasing intensities are relative strong. When the temperature was increased to the clear point of nematic liquid crystal E7 (60°C), the obtained lasing intensities become weak. It is noticed that the procedure was reversible and a red-shift could be achieved if decreasing the temperature from 75°C to 25°C. Generally, the refractive index of LC varies with temperature. When temperature increases, the effective index of nematic LC will decrease with the increase of temperature [13] . Table 1 shows the calculated relationship of n eff (E7) with temperature at 626 nm. The blue-shift of lasing peaks with increased temperature is demonstrated in Fig. 5(a) . It is worth to notice that, the lasing obtained here are multi-mode with different peaks, and the data collected in Fig. 5(a) are from the maxima peak at each temperatures. To study the underlying mechanism of shift of lasing, a finite-difference time-domain (FDTD) method is used to calculate the transmittance of sample fabricated from 7-beam interference along x axis, as shown in Fig. 5(b) . The blue and red curves represent the transmittance spectrum at temperature of 25°C and 65°C, assuming the effective of LC is 1.60 and 1.58, respectively. It can be seen that the decrease of effective index of LC leads to a blue-shift of transmission. Therefore, the blue-shift of lasing peak from 629.2 to 626.0 nm is highly related to the shift of band-edge of quasicrystal. The calculated blue-shift is around 3 nm, which is consisted with the experimental result. For the weak of lasing peak at temperature higher than 60°C, the underlying reason is not very clear and might be related to the liquid crystal phase transition from anisotropic liquid crystal phase to isotropic phase. The change of liquid crystal phase might influence the gain laser cavity consists of liquid crystal and polymer, thus, finally resulting in weakening of lasing peak. Therefore, to change the environmental temperature of quasicrystal, the output lasing can be shifted or modulated accordingly.
Conclusion
In conclusion, the emission characteristics including polarization property and temperature effect of lasing from all organic mirrorless quasicrystal fabricated by seven-beam interference has been demonstrated. The output lasing is linearly polarized with polarization direction confined within the two-dimensional plate that aperiodic quasicrystal formed. With increase of temperature, lasing peaks blue-shift. The tunable property could be understood by change of effective index of liquid crystal with temperature and phase transition of liquid crystal to isotropic phase. The shift of transmission spectrum of quasicrystal is calculated by FDTD simulation. The simulation result is consistant with the experimental result. This laser device can be used as coherent light source in such as integral photonics, sensor, security, and other applications.
